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ABSTRACT: Accurate and stable frequency sources can be
realized by locking lasers to well-known transitions between
energy levels in isolated quantum systems such as alkali atoms.
Unfortunately, current implementations of such frequency standards typically involve bulky optical setups and discrete optical
components. Furthermore, the common transitions of alkali atoms
are in the near-infrared, hindering their use as frequency references
in the telecom regime. Our current work is focused on mitigating
these deﬁciencies. In particular, we demonstrate the design,
fabrication, and experimental characterization of an on-chip
telecom frequency reference that is based on a ladder transition of rubidium atoms integrated with nanoscale optical waveguides.
These atomic cladded waveguides are implemented in a serpentine geometry in order to optimize the chip area and maximize the
interaction of light with the alkali atoms. Following its fabrication, the device is used to stabilize a telecom laser around a 1.5 μm
wavelength to a precision better than 200 kHz at ∼250 s. Moreover, in spite of the fact that the natural lifetime of the excited state of
the atom corresponding to only a few megahertz line widths, the nanoscale conﬁnement of the optical mode dictates ultrashort
interaction times and extreme photonic energy densities allowing us to demonstrate low power and faster (∼200 MHz) all-optical
modulation of a near-infrared light with a telecom light. The results presented in this paper push forward the eﬀorts toward fully
integrated chip-scale stabilization system and provide an extremely eﬃcient link between atomic based devices and silicon photonics
platform in the telecom.
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ith a motivation to directly connect microprocessing
units to optical ﬁbers, and the rise of data centers as a
major customer for large data traﬃc, silicon photonics was
established and developed very rapidly over the last couple of
decades.1−4 Today, as a mature technology, silicon photonics5
enables the implementation of a large plethora of devices,
including low loss waveguides,6−9 photodetectors,10−12 modulators,13−16 demultiplexers,17 and mode converters18 to name
a few. The merits of such devices, alongside the capability to
integrate them using a uniﬁed silicon platform, make silicon
photonics the technology of choice not only for telecommunication but also for many other use cases. And
indeed, we recently observed a major eﬀort to place micro- and
nanoscale metrology-based devices on a chip, including for
example temperature sensors,19 short time frequency stabilization devices,20 beam position sensors,21 and gyroscopes.22,23
The recent progress in chip-scale microcombs24−28 oﬀers a
new avenue for metrology on a chip and coherent wavelength
division multiplexing systems.27,29,30 However, while the
optical comb oﬀers densely and evenly spaced (in frequency)
coherent sources at the telecom, it still needs to be stabilized to
a known frequency reference in order to prevent frequency
drift and provide the required frequency precision and
accuracy.24
© XXXX American Chemical Society

Atoms such as rubidium (Rb) and cesium (Cs) have been
studied extensively over the years due their application in
quantum technology,31 metrology,25 and sensing.32 The known
energy structure results in accurate and stable optical
transitions that the laser’s frequency can be stabilized to.
Typically, frequency references rely on bulky atomic cells and
free-space optics. However, over the past few years, there is a
rapidly growing interest in the science and technology of
miniaturized atomic cells, creating new opportunities for
miniaturized and integrated frequency references, optical
clocks, and sensors. Devices such as tapered ﬁbers,33 hollowcore waveguides34 and microfabricated cells.35 In the interest
of seizing the huge opportunity presented by silicon photonics
of establishing atomic-based stable frequency sources, sensors,
and quantum memories on a chip, the atomic cladded
waveguides (ACWGs) were demonstrated.36−39 The ACWG
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Figure 1. (a) Schematic of the interaction region: The optical modes propagate along the exposed region where the oxide is etched and interacts
with the thermal Rb atoms. (b) Energy levels of the ladder transition. (c) Schematic description of the device geometry and the measurement
setup. Two laser beams at diﬀerent inputs are focused by a lensed ﬁber, coupled to the ACWG, propagate through a serpentine shape waveguide,
and are collected by another lensed ﬁber to a detector. The 780 nm reﬂection from the facets is ﬁltered by a bandpass ﬁlter (BPF) (d) photograph
of the ACWG chip with an 8−32 Cap Screw for comparison. (e) Measured light transmission through the device at 1529 nm wavelength as a
function of the telecom laser detuning for diﬀerent values of pump power at 780 nm.

transition, we demonstrate a frequency reference with a
frequency stability of 9× 10−10 level at ∼250 s. Following, by
exploiting the fast dynamics of the atomic vapor that is
interacting with the nanoscale waveguides, we show fast and
low power (few nW) all-optical modulation by transferring a
telecom signal at a modulation frequency of up to 200 MHz to
a 780 nm signal. The fast response and low modulation power
enable few photons (up to 24 photons) switching between on
and oﬀ states. Our device can be used as a miniaturized, chipscale integrated frequency reference for telecom-based
communication and metrology as well as for converting data
from integrated atomic-based devices to silicon photonics
systems.

enables the fabrication of an entire optical setup including
lasers, modulators, and sensors on a chip, reducing the size and
cost of such systems. Furthermore, the ACWG supports the
propagation of a tightly conﬁned optical mode that allows the
observation of nonlinear eﬀects at low optical powers.36,40−42
The tightly conﬁned light also supports a special type of a
circularly polarized mode,43 and this was used to demonstrate
an ACWG-based optical isolator.44
Silicon photonics technology was developed for telecommunication and as such operates at the Telcom regime.
In contrast, Rb and Cs main optical transitions are at 780 and
852 nm, respectively, there are some molecules such as
acetylene and hydrogen cyanide (HCN) that have many
transitions in the telecom regime and thus can be used as
telecom frequency references and telecom wavelength
calibration.45 Acetylene molecules have also been integrated
with hollow-core ﬁbers46,47 and waveguides48 to facilitate
portable frequency references. Yet, there is great merit in using
alkali vapors for frequency reference applications, primarily due
to their high dipole strength, narrow transition lines, and
superior accuracy. While the most popular transitions of Rb are
in the near-infrared (780 and 795 nm), it also has two ladder
transitions in the telecom regime,49,50 which have allowed the
stabilization of a laser down to the 1 × 10−11 level49 as well as
all-optical modulation.51 By locking a frequency comb52 or a
microring-resonator (MRR)53 to such stable transitions, their
stability can be transferred to other telecom wavelengths and
generate a grid of frequency references.
In this work, we provide a fast and eﬃcient link between
atomic-based devices and telecom components. We do so by
using the Rb ladder (5S1/2−5P3/2−4D5/2) transition, with the
atom being coupled to a 4 cm long silicon nitride (Si3N4)
serpentine waveguide. By stabilizing a telecom laser to this

■

ACWG PLATFORM

Our ACWG platform is schematically illustrated in Figure. 1a.
The device consists of a Si3N4 core waveguide on top of a 2 μm
thick SiO2 layer grown on silicon. The waveguide cross-section
has a width of 1.5 μm and a height of 0.25 μm, and it is deﬁned
by e-beam lithography and reactive ion etching. The waveguide
is covered with a 2 μm thick SiO2 layer as an upper cladding.
Within a predeﬁned area, the oxide is removed by buﬀered
hydroﬂuoric acid (HF) wet etch to create an interaction region
between the atomic vapor and the optical mode. In order to
improve our ability to observe ladder transitions (Figure 1b),
we increase the optical density while maintaining device
compactness by constructing a long (40 mm) waveguide in a
serpentine-shaped geometry (Figure 1c). Finally, a glass cap is
glued to the chip and the device is evacuated, ﬁlled with natural
rubidium, and pinched oﬀ. The result of this process is a
portable and hybrid atomic−photonic device that can be seen
in Figure 1d. The fabrication process is illustrated in the
Supporting Information.
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Figure 2. (a) Device transmission at telecom as a function of telecom laser detuning at diﬀerent telecom laser powers. (b) Telecom transmission on
resonance as a function of the telecom laser probe power at pump power of 18 nW. (c) Telecom transmission on resonance as a function of the 780
nm laser pump power at a probe power of 50 nW. (d) The light shift of the telecom transition as a function of the telecom laser probe power at
pump power of 18 nW. (e) The light shift of the telecom transition as a function of the 780 nm laser pump power at probe power of 50 nW. Error
bar represents the Lorentzian ﬁt uncertainty with 95% conﬁdence.
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RESULTS
In Figure 1e, we plot the measured transmission of the light
probe through our device at the telecom wavelength of 1529
nm, as we detune its frequency, for several values of pump
power at 780 nm. The telecom laser is coupled to the
waveguide using a lensed ﬁber, counter-propagating the 780
nm guided wave, and its transmission through the device is
measured by collecting the signal using another lensed ﬁber
that is connected to an InGaAs photodetector. The residual
780 nm reﬂection, originating predominately from the
waveguide facet is ﬁltered out using a bandpass ﬁlter (Figure
1c). The two lensed ﬁbers are connected to ﬁber splitters in
order to couple and measure light at each port (Figure 1c).
The lensed ﬁbers couple light to the ACWG through inverse
tapers and are aligned by precision stages. The coupling losses
of our inverse tapers are estimated to be ∼5−10 dB per facet.
Input to output losses were measured as 50 dB and are
attributed to the coupling losses, bending losses, propagation
losses, and fabrication imperfections. The power of the telecom
probe within the waveguide is about 50 nw and the 780 nm
pump powers are denoted in the legend of the ﬁgure. The 780
nm laser is locked to the F = 3 → F′ = 4 transition (Figure 1b)
using a separate cm-scale sized Rb cell, and the sample was
heated to about 90 °C. As can be seen in Figure 1e, when we
use the 1529 nm laser as a probe, it cannot be absorbed in the
sample as long as the 780 nm pump is not activated. This is
because the F′ = 4 level is not populated. However, with the
increase in pump power, the F′ = 4 level becomes populated.
Now, when the 1529 nm laser is tuned to the F′ = 4 → F′′
transition, it can interact with the Rb vapor, because the
intermediate level is populated, and the photon energy of the
1529 nm probe photon matches the energy needed to excite an
atom from the F′ to the F′′ level manifold. As a result, a
distinct absorption of the 1529 nm probe is observed at

resonance. Owing to the use of the long swirl waveguide, we
have obtained an absorption in the telecom regime of up to
90%. Due to the nature of the pump−probe experiment, in
which the 780 nm laser selects a group of atoms with a speciﬁc
velocity, one would expect a reduction in the Doppler
broadening eﬀect. And indeed, while the Doppler broadened
line width in previously demonstrated ACWGs is approximately 1 GHz,36 our ∼500 MHz broad line (corresponding to
a pump power of 3 nW) depicted in Figure 1e represents a
signiﬁcant reduction in the Doppler broadening eﬀect. The
observed line width is attributed to other broadening
mechanisms, primarily transit time broadening (TTB) and
power broadening. In our device, the evanescent decay length
of the optical mode is about ∼200 nm, leading to a short
interaction time between the photons and the atoms. This
gives rise to a signiﬁcant TTB of about 300 MHz.36 The
additional increase in line width is attributed to power
broadening. This can be easily observed from Figure 1e,
showing an increase in line width as the pump power is
increased. To better understand the spectrum of the
transmitted signal and to support our measured results, we
have also performed computer simulations (see Supporting
Information), which were qualitatively found in good agreement with our measurements.
Next, we aim to stabilize a telecom laser to the atomic
transition. In order to do so, we optimize the operation
conditions and, in particular, the choice of pump and probe
power. As a guideline for such a choice, we recall that, in shotnoise limited systems, the normalized frequency instability
(Δf/f) can be described by the following expression: Δf/f =
0.2/(SNR·Q)·τ−0.5,54,55 where SNR is the signal-to-noise ratio,
Q is the quality (Q) factor, and τ is the integration time. In
order to minimize the instability, we should increase the signal,
reduce the noise, and increase the Q factor (i.e., reduce the line
width). In Figure 2a we plot the absorption in the telecom
C
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Figure 3. (a) Locking scheme: lasers at 1550 nm are locked to two absorption lines, one from an acetylene reference cell and the other from our
ACWG. The 780 nm laser is locked to a Doppler broadened line of a rubidium cm-scale reference cell. The heterodyne beat between the two lasers
is fed into a counter, which charts the frequency as a function of time. LIA-lock-in ampliﬁer, PD-photo detector. (b) Allan deviation extracted from
the beating between a laser locked to a reference cell and to the free-running laser (green), laser locked to another reference cell (blue), and laser
locked to our ACWG (brown). (c) Time series of the frequency of the laser for the unlocked (green) and locked (brown) laser. (d) Frequency
noise spectral density of free-running laser (green), laser locked to another reference cell (blue), and laser locked to our ACWG (brown). The
dashed lines represent the diﬀerent noise regions.

The locking scheme is presented in Figure 3a, where one
tunable laser at telecom wavelength was locked by a
wavelength modulation scheme to an absorption signature of
an acetylene reference cell, and the other laser was locked to
the 1529 nm absorption signature from our ACWG. The pump
laser at 780 nm was stabilized using a Doppler broadened
absorption signature from a rubidium reference cell at a
temperature of ∼25 °C. The 780 nm laser needs to be
stabilized in the ladder conﬁguration49,57 due to the fact that a
shift in the 780 nm laser frequency will result in a shift in the
1529 nm absorption signal. This is because the velocity of the
atoms that undergo the D2 transition is correlated to the
frequency shift of the 780 nm laser, and the same atoms result
in a shift in the stabilization of the telecom laser. While in the
current demonstration our 780 nm laser was locked to an
external cell, our vision is to implement both 780 and 1529 nm
locking on the same chip. This will be mitigated in future work.
We have measured the beat signal between the two telecom
lasers and extracted the instability by an Allan deviation
analysis. For comparison, we have also measured the beat
signal between two lasers locked to acetylene reference cells
and the beat signal between a laser locked to an acetylene
reference cell and a free-running laser. The Allan deviation
results are depicted in Figure 3b. The result shows laser
stabilization to the level of 9× 10−10 at 263 s. As can be seen,
this result is signiﬁcantly better than the stability of our freerunning laser, which has a frequency drift of more than 100
MHz per hour (Figure 3c). The obtained stability is already
suﬃcient for telecom applications that require frequency drifts
on the MHz scale and lower.58−62 While laser drift penalties in
communications can be overcome by signal processing,
injection locking, or optical phase-lock loops, our chip-scale
device oﬀers a simple solution to this issue. The stability
achieved here with a compact device can also be useful for
outdoor metrological systems.28 We have analyzed the
frequency noise of our system (Figure 3d), and indeed, we
are observing a large reduction in random walk noise in the

regime as a function of the probe power at pump power of 18
nW and observe a very ﬂat response to probe power variation
(see Figure 2b). This is because we are below saturation.
Saturation will occur when the density of atoms in the top level
is close to the amount in the intermediate level. This is
expected to happen at higher probe powers. On the other
hand, as was shown in Figure 1e, increasing the pump power
from 3 to 223 nW increases the absorption by a factor of ∼2
(Figure 2c) at the expense of line width broadening by a factor
of ∼3 (see Figure 1e). Furthermore, the high intensity of light
within the nanoscale conﬁned mode is expected to give rise to
light shifts, manifested in the translation of a power ﬂuctuation
to frequency ﬂuctuation, limiting the stability of our system.
To investigate this eﬀect, we have ﬁtted the telecom ACWGs
transmission under diﬀerent pump and probe powers to a
Lorentzian shape and found the shift as a function of power in
respect to the lowest power in the waveguide. In Figure 2d, we
plot the shift as a function of the telecom laser probe power. As
can be seen, around 30 nW of probe power, the shift is nearly
invariant to power variation, making the system more stable.
Increasing the current generated in the detector will increase
the SNR and reduce the instability. Yet, in our current
measurement scheme, we were unable to couple high power
due to the combination of losses in the device and the ﬁber
splitters. Due to all the above, we have chosen this value of
probe power for the purpose of locking. In Figure 2e we plot
the shift as a function of the 780 nm laser power. As shown, for
relatively low powers up to about 50 nW, there is a negative
shift that is rapidly increasing (in absolute value) as a function
of power. Above ∼50 nW we identify a change in the trend,
and the shift is gradually reducing with the increase in power.
The transition position is determined by the absorption signal,
but also by mode interference.56 This is discussed in more
detail in the Supporting Information. For the purpose of
locking our system on a stable line, we have chosen 60 nW of
pump power as a good compromise between stability and line
width.
D
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Figure 4. (a) Measurement setup for the all-optical modulation experiment: the telecom laser beam is modulated by a Mach−Zehnder modulator
(MZM) and coupled by a lensed ﬁber to the ACWG. The 780 nm laser beam is coupled by another lensed ﬁber to the ACWG from the opposite
side and propagates through a serpentine shape waveguide. It is coupled to the same lensed ﬁber that is used for the 1529 nm beam and collected to
a silicon photodetector. The signal from the photodetector is fed to a fast lock-in ampliﬁer that serves as a waveform generator as well. (b) Time
trace of the 780 nm signal that is modulated by the telecom laser at 1 MHz frequency and 30 nW of power. (c) The frequency response of the 780
nm signal propagating through a free space vapor cell (green) and the ACWG (red).

stability of the system. As an example, in the case of MRR,
we have shown that instability is increased from 1 to 20 MHz
already at 1000 s.53 Thermal isolation and stabilization, for
example, by using the frequency shift between two modes in a
millimeter scale resonator in a vacuum chamber can result in
long-term stability (10−10, 1000 s).68 Yet, the device still needs
to be calibrated to a known atomic transition. As such, the
ACWG oﬀers laser stabilization with low long-term stability at
an atomic deterministic frequency using an integrated and
miniaturized chip-scale device.
The fast dynamics of the atoms passing through the
nanoscale evanescent interaction region enables fast and
eﬃcient all-optical modulation. In a case of a large, cm-scale
ref cell with a millimeter size laser beam waist, an atom will
reside in an excited level for about 26 ns for the case of the 780
nm beam and 84 ns in the case of the 1529 nm beam. As a
result, the modulation bandwidth is limited to a few MHz. In
contrast, within our ACWG device, an atom will interact with
the ∼100 nm evanescent ﬁeld for less than 5 ns, increasing the
transit time broadening that in turn increases the bandwidth.
This is one rare example in which larger atomic line width
plays a positive role. In order to demonstrate this ability, we
have modulated our telecom laser and measured the response
at the 780 nm wavelength. The 780 nm power inside the
waveguide was ∼200 nW, and the modulated telecom signal
was at ∼30 nW. First, we used a Mach−Zehnder modulator
(MZM) to modulate the telecom laser with a rectangular
waveform and used an oscilloscope to capture the output from
the ACWG with a fast Si detector (Figure 4a). In Figure 4b we
can see the undistorted output of a 1 MHz rectangular wave,
demonstrating the all-optical modulation capability. In order to
characterize the frequency response of the all-optical
modulation scheme within our ACWG, we have used a highfrequency lock-in ampliﬁer (LIA) while sweeping the
modulation frequency and recording its output. We have
measured the frequency response both for the ACWG system
and for a conventional free-space vapor cell heated to 70 C. In
Figure 4c we present the frequency response of both the
ACWG system and the free-space system. As can be observed,
while the free space system is limited to about 100 kHz, our
ACWG operates up to 200 MHz. This is due to the additional
broadening mechanisms in our ACWG, as discussed in the
previous sections. Thus, while broadening is considered as a
negative eﬀect for precision metrology applications, it is

laser stabilized to the ACWG compared to the free-running
laser. At time scales of seconds (higher frequencies), we can
see that the precision of our laser is limited by white frequency
noise. The current generated in the detector was 5 pA, and it
has a bandwidth of 750 Hz, implying a shot noise related SNR
of ∼150, whereas the Q factor of the absorption signal is 2 ×
105. Using these values, the instability is calculated to be 6.8 ×
10−9·τ−0.5 for white noise limited systems. Indeed, this result is
very similar to our measured instability at the white noise
limited region. We modulate our laser frequency at a deviation
of ∼10 MHz with a frequency of ∼700 Hz; this results in an
additional instability of 0.2 × 10−9·τ−0.5, signiﬁcantly lower
than the white noise limit. At short integration times of less
than 1 s, the Allan deviation and the noise spectrum deviate
from white noise behavior. The instability obtained with our
ACWG device is only less than an order of magnitude inferior
as compared to the instability obtained with the large reference
cell. Currently, the obtained instability still falls short, with
values reported for large free space systems.49,52 This is mostly
due to factors such as intensity ﬂuctuations, temperature
ﬂuctuations, and broadening mechanisms. A detailed discussion regarding the sources of instability and the mitigation
approaches is provided in the Supporting Information. While
our current instability is about 2 orders of magnitude higher
than that achieved with large cells,49 our device is more than 6
orders of magnitude smaller in volume. Deﬁning the ﬁgure of
merit as 1/(size times instability), our device is orders of
magnitude superior as compared to free space systems. Yet size
is not the only beneﬁt, this chip-scale device could be
implemented alongside on-chip electronics,63 lasers,64 modulators,15 and detectors,10 enabling a full on-chip locking system.
The important advantage of integrating atoms on a chip is in
bringing long time stability and accuracy to chip-scale devices.
We show here instability of better than 250 kHz at 1000 s.
While not measured against an optical atomic clock, our
system is expected to provide decent accuracy without the
need for calibration, because it is based on an atomic reference.
In contrast, integrated resonators do not possess the accuracy
and the long-term stability that atoms provide. In fact, such
devices need to be tuned65 or locked53 in order to reach a
speciﬁc spectral position. At short time scales, millimeter size
resonators can reach a high precision manifested by very low
instability (10−13),66,67 but at longer integration times,
temperature ﬂuctuations are expected to deteriorate the
E
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actually beneﬁcial for other applications in which large
bandwidth is needed, such as high-speed modulation.
Furthermore, the fast response combined with a low
modulation power of the telecom laser (∼6 nW; telecom)
results in very low switching energies, corresponding to only
∼100 photons that are needed to perform the switching. We
determine the switching energy as the telecom power needed
to generate a peak in the 780 nm absorption spectrum, which
is 6 nW. This result is presented in the Supporting
Information. The time response equivalent to a bandwidth of
200 MHz is ∼2 ns (t = 0.34/BW). The optical energy is 6 nW·
2 ns = 12 × 10−18 J, corresponding to 2 × 10−18/1.3 × 10−19 =
92 photons. We can also consider the other alternative, where
we switch between the pump and the probe and use the
modulation of the 780 nm laser to modulate the telecom
signal. As shown in Figure 1e, such modulation can be
performed eﬃciently with power levels as low as 3 nW for the
780 nm laser. Thus, we can estimate the required number of
photons for such a modulation to be ∼25. These highly
eﬃcient modulation schemes beneﬁt from the chip-scale
integration and the nanoscale conﬁnement of the ACWG.
This eﬃcient transduction can be useful in many ways; we can
propagate, ﬁlter, and modulate a telecom signal, convert it to
780 nm, and pass it to an atomic-based device. We can also
take the output of an atomic-based device and directly convert
it to a telecom signal that could propagate several kilometers
on a standard ﬁber. Furthermore, detecting telecom photons
on a chip requires more complex solutions, such as Schottky
detectors69 and semiconductor heterostructures;11,12 by
converting telecom photons to 780 nm photons, we can
overcome this issue and use a standard Si photodetector.
In summary, we have constructed a 4 cm long ACWG in a
serpentine-like geometry with the purpose of providing a chipscale platform to bridge between transitions of alkali vapors in
the near-infrared and the telecom spectral regime. Speciﬁcally,
we have used this platform to demonstrate a highly compact
telecom-based atomic optical frequency reference, as well as
eﬃcient and fast telecom-near IR all-optical switching. Based
on the ladder transition in an atomic cladded rubidium vapor
waveguide, we were able to achieve a high contrast absorption
signal in the telecom band. This absorption signal was
controlled all-optically using only a few nW of power of the
780 nm pump laser. We have used this absorption signal to
stabilize a telecom laser to less than 200 kHz and analyzed the
frequency dependence of the line shape as a function of pump
and probe power. Additionally, we have exploited the
broadening mechanisms of our ACWG for the beneﬁt of
performing fast all-optical modulation with a frequency
response of up to 200 MHz.
Our ACWG platform, combined with the atomic ladder
transition, brings the chip-scale alkali vapor science and
technology closer into the telecom regime. In the future, by
integrating this chip-scale device with on-chip electronics,
photodetectors, and perhaps even light sources, we envision
the construction of fully integrated chip-scale atomic systems
for diverse applications ranging from stabilized laser sources
and frequency references to magnetometry and all-optical
switching down to a few photons and even the single-photon
level. Furthermore, the ability to translate between the telecom
and the near-IR regime makes our ACWG approach attractive
for integration with the platform of silicon photonics, with the
goal of constructing low power nonlinear devices for chip-scale
quantum applications.
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